Abstract. Deficiencies of each macronutrient (N, P, K, Ca. Mg, S, and Fe) decreased the specific activity of nitrate reductase from Triticutm aestivum L. seedlings. Nitrate content was decreased by N, P, K, Ca, and Mg deficiencies and unaffected by S and Fe deficiencies.
The influence of mineral nutrition of higher plants on enzymes involved in nitrogen assimilation has received limited treatment. Nitrate reductase, which has been studied most extensively, is substrate inducible ( 1, 6, 7, 27) and requires the presence of nitrate for maximum activity. Phosphorus appears to be essential for activity of nitrate reductase (25) and possibly for all flavoprotein enzymes involved in reduction of nitrate to ammonia (19) . Calcium deficiency has been shown to repress nitrate reductase activity indirectly (23) , and the close association between nitrate assimilation and chloroplasts (24) suggests magnesium deficiency might affect activity of the enzymes involved. Similarly, the presence of sulfhydryl groups (3, 6) suggests sulfur is essential for nitrate reductase synthesis. Nitrate reductase from Neurospora { (21) and Pseudomonas (5) has received more attention and is affected by deficiencies of most macronutrients and iron.
Enzymes functioning in nitrogen incorporation into organic forms do not appear as sensitive as nitrate reductase to nutrient deficiencies. Brief nitrogen deficiency which decreased nitrate reductase activity had no effect on glutamic acid dehvdrogenase activity (12) . Magnesium is required for glutamine synthetase activity (4) A number of nutrients have been implicated directly or indirectly in protein synthesis. Phosphorus, potassium, and magnesium are required for cell-free amino acid incorporation into protein (28) and presumably for protein synthesis by intact plant tissue. Nutrients involved in amino acid synthesis and structure can likewise be considered essential for protein synthesis.
Numerous studies emphasize the importance of mineral nutrition on nitrogen assimilation by plants. The effects of nutrient deficiencies on nitrogen assimilation have not been systematically determined, however, and information on several nutrients and many enzymes is lacking. The present studies compared nitrogen assimilation and protein synthesis in wheat seedlings under deficiencies of 7 macronutrients.
Materials and Methods
'Pawnee' winter wheat (Triticiimn aestivumii L.) was germinated in moist vermiculite and transplanted to nutrient solutions after 5 days. Twelve seedlings were suspended through the covers of 2-liter styrene containers holding partial nutrient solutions similar to those described by Hoagland and Arnon (10) . The compositions of the solutions are shown for each macronutrient in table I. The deficient nutrient in each instance (N. P, K, Ca, Mg, S, or Fe) was varied individually at 5 concentrations, 0, 5, 10, 50, and 100 %, relative to the levels supplied to controls.
All macronuitrients other than the variable were supplied at the 100 % level; control treatments contained all nutrients at the maximum level. The (20) .
Nitrate reductase was assayed by the method of Hageman and Flesher (7) . The assay mixture contained 1 ml of 0.2 m potassium phosplhate (pH 7.2), 0.2 ml of 0.1 M KNO., 0.5 ml of 1.4 mM NADH, and 0.3 ml of enzyme extract. Glutamine synthetase activity was determined by the method of Elliot (4) in an assav mixture containing 1 (20) .
Nitrate content was determined by the method of Woolley, Hicks, and Hageman (29) after drying fresh leaf blade samples at 700.
Results
Each of the macronutrient deficiencies decreased the specific activity of nitrate reductase (fig 1) .
Nitrate anid calcium deficiencies decreased nitrate reductase activity more than deficiencies of the other nutrients. Relatively high levels of nitrate and phosphorus were required to maintain maximum nitrate reductase activity, while only low levels of the other nutrienits were necessary for near-maximum activity. The nitrate content of the leaf blades was decreased by all the macronutrient deficiencies except sulfur (table II) . Nitrogen deficiency had the greatest effect, but lack of calcium, phosphorus, and potassium also decreased the nitrate concentrations. The effect of iron was inconsistent.
Activity of glutamic acid dehydrogenase, in comparison with nitrate reductase, was increased by deficiencies of several macronutrients (fig 2) . Deficiencies of calcium, magnesium, and iron! increased activity of the enzyme to approximately similar extents. Nitrogen, phosphorus, and sulfur deficiencies, on the other hand, decreased glutamic acid dehydrogenase activity. Potassium nutrition had no effect on the enzyme. The response of glutamine svnthetase to macronutri,ent nutrition was similar to that of nitrate reductase (fig 3) . Deficiencies of eaclh of the mlacronutrients, except iron, decreased the specific activity of the 'enzyme. Nitrogen and phosphorus deficiencies, respectively, had the greatest effect on glutamine synthetase. Glutamic-oxaloacetic transaminase was least sensitive to nutrient deficiencies of the enzymes studied (fig 4) . The enzvme responded to calcium, but that response was inconsistent. Extremely high levels of 14C-l-eucinle were incorporated into leaf blades of wheat seedlings grown under several macronutrient deficiencies (fig 5) .
Nitrogen and sulfur d'eficiencies most markedly increased incorporation of the label, but phosphorus, potassium, and calciumn deficiencies also did so to significant extents. Onlv magniesiumii anid iron deficiencies had no effect on 14C-leucine incorporation. The 'effect of nutrient deficiencies appeared due to the response of endogenous amino acid pools to planlt nutrition (26) and the subsequent effect of those pools oll 14C-leucine incorporation (2, 11, 18 ). The necrotic and partially desiccated condition of seedlings grown without several macronutrients increased their fresh-weight protein content (fig 6) . The intermediate niitrogen lievels and the lowest sulfur levels were the only treatments that decreased protein contents.
Discussion
The labile nature of nitrate reductase from wheat seedlings was indicated by the detrimental effect of macronutrient deficiencies on specific activity of the enzyme. Nitrate reductase activity and nitrate content were concurrently low under nitrogen, phosphorus, calcium, and magnesium deficiencies. The substrate-inducible nature of nitrate reductase ( 1, 7, 27) likely accounted for decreased enzvme activity when low nitrate levels were supplied. Similarly, low concentrations of nitrate in wheat seedlings deficient in other nutrients may have limited enzyme induction. However, phosplhorus has been shown necessary for both nitrate reductase activity (25) and nitrate uptake (9) and may influence the enzyme directly or indirectly. The lack of nitrate in calciumdeficien!t seedlings indicated that reductase activity may have been limited by low substrate lievels. Alternatively, a previous study indicated nitrite in calcium-deficient wheat seedlings (23) repressed nitrate reductase. Similar accumulation of nitrite was observed in the present study.
Suilfur and iron deficiencies caused slight nitrate accumulation and the effect of those deficiencies on nitrate reductase was from factors other than limited substrate. Nitrate reductase activity requires ability of the tissue to synthesize protein (12) . The involvement of sulfur in amino acid structure and the sulfhydrvl requirement for activity of nitrate reductase (3) implied that sulfur directly influenced enzyme synthesis.
The similar effects of nitrogen. phosphorus, and sulfur deficiencies on nitrate reductasle and glutamic acid dehydrogenase activities implied a direct relationship between the 2 enzymes, as has been suggested for NVeurospora (22 
